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Available online 18 May 2016AbstractBased on the raw data of the organic-rich shale in the Lower Cambrian Qiongzhusi Formation and Lower Silurian Longmaxi Formation
which were collected from the drilling core, we investigated the accumulation conditions of the Lower Paleozoic marine shale gas in the
southern Sichuan Basin, China. The results indicate that the Qiongzhusi and the Longmaxi Formations' black shales in this region are mainly
deposited in the deep water shelf sedimentary environment. Both the Qiongzhusi and Longmaxi Formations in the southern Sichuan Basin have
great organic-rich shale thickness (mainly 50e300 m). The marine shales of the Qiongzhusi and the Longmaxi Formations are characterized by
high total organic carbon contents (average TOC>2%), IeII1 kerogen types, highthermal maturity level (equivalent RO>1.9%), abundant rich
brittle mineral (average > 50%), micro- and nanometer pore development, as well as high gas content of shale (average > 1.8 m3/t). All these
features are favorable for marine shale gas generation and enrichment in the southern Sichuan Basin. Compared to the Barnett shale in North
America, in which shale gas has been explored and developed successfully, it is suggested that the Lower Paleozoic in the southern Sichuan
Basin would possess good conditions for shale gas accumulation. Therefore, the Qiongzhusi and the Longmaxi Formations are considered as
potential targets for marine shale gas exploration, and favorable areas for shale gas enrichment are also purposed. The favorable areas for shale
gas enrichment for the Qiongzhusi Formation in the southern Sichuan Basin are the Zhigong-Yibin, Changning-Gongxian, Jianwei-Muchuan,
and Weiyuan areas. The favorable areas for shale gas enrichment for the Longmaxi Formation in the southern Sichuan Basin are the Longchang-
Rongchang, Yibin-Luzhou-Changning, and Weiyuan areas.
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Petroleum Exploration and Development, PetroChina. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is
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Shale gas is an unconventional natural gas which generally
occurs in argillaceous shale by adsorption or in a free state,* Corresponding author.
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China. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an openand it is typically a self-contained source-reservoir system
[1e3]. Shale gas is mainly distributed in the source rocks that
feature great organic-rich shale that are relatively thick, with
low porosity and low permeability. Thus, these features results
in shale gas with high resource potential and long-term
exploitation [4e6]. In the recent years, with the rapid devel-
opment of shale gas in North America, China has paid great
attention to the study of shale gas [7]. Preliminary assessment
shows that the amount of Chinese shale gas resources woulds AND Langfang Branch of Research Institute of Petroleum Exploration and Development, Petro-
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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resources on land [8,9]. The Paleozoic in southern China
developed multiple sets of marine shales, i.e. Sinian,
Cambrian, Silurian, etc. Therefore, it has good basic geolog-
ical conditions for marine shale gas accumulation. In the
acquisition of commercial shale gas in the Cambrian and
Silurian from the Weiyuan and Changning areas of Sichuan
Basin, the southern Sichuan Basin in China has become the
key study area that brought great breakthroughs in the
exploration and development of the lower Paleozoic marine
shale gas. For that reason, this paper mainly focused on the
accumulation conditions of the Lower Paleozoic shale gas
from the Qiongzhusi and Longmaxi Formations, and their
favorable areas for marine shale gas enrichment in the
southern Sichuan Basin.
2. Geological setting
The Sichuan Basin is located in the northwestern margin of
the Yangtze platform, and is surrounded by the orogenic belt
around the Longmen Mountain, Micang Mountain, and Daba
Mountain (Fig. 1). This basin has an area of about
18  104 km2. The basin is divided into six secondary tectonic
zones, including high and steep fold belt in the eastern region
of the Sichuan Basin, low and steep fold belt in the southernFig. 1. Study area and sregion of the Sichuan Basin, low and flat fold belt in the
northern region of the Sichuan Basin, low and steep fold belt
in the western region of the Sichuan Basin, gentle belt in the
central region of the Sichuan Basin, and low and steep fold
belt in the southwest region of the Sichuan Basin [10]. The
study region is located within the low and steep fold belt in the
south and southwest region of the Sichuan Basin.
Lower Paleozoic marine shale gas is mainly concentrated in
the Lower Cambrian Qiongzhusi Formation, the lower Ordo-
vician Dawan and Wufeng Formations, and the lower Silurian
Longmaxi Formation in the Sichuan Basin. In the four group
stages, the Qiongzhusi and the Longmaxi Formations' black
shales have huge thickness and stable distribution, while the
Dawan and Wufeng Formations are limited to local areas and
thin [10,11]. The exploration practice indicated that the
Qiongzhusi and the Longmaxi Formations' black shales are
important source rocks of the large and medium gas fields
from the Sinian to Carboniferous in the Sichuan Basin, while it
has the potential of marine shale gas [11e13].
3. Accumulation conditions for shale gas
The formation of shale gas is controlled by several factors
such as shale thickness, organic carbon abundance, organic
matter type, thermal evolution level, brittle mineral content,ampling sites map.
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region is located in the southern Sichuan Basin with an area of
8.8  104 km2 that's inclusive of the main target for marine
shale gas exploration in southern China, namely, the Weiyuan
and the Changning areas (Fig. 1). Commercial shale gas flow
was first obtained in Well Wei 201 in the Weiyuan area after
the hydraulic fracturing that took place in 2009. To date,
dozens of shale gas wells have been completed in the southern
Sichuan Basin, uncovering favorable prospect for marine shale
gas exploration and development. We'll discuss the accumu-
lation conditions for Lower Paleozoic shale gas from the
Qiongzhusi and Longmaxi Formations in the southern Sichuan
Basin.3.1. Shale thicknessAccording to regional statistics of well drillings, the Lower
Cambrian thick shale exists from the north to south in the
southern Sichuan Basin, with a thickness of 250e550 m. The
thickness of the Qiongzhusi Formation shale in the Weiyuan-
Ziyang area in this region ranges from 200 to 300 m, while it
could range over 500 m in the Changning area (Fig. 2a). The
Qiongzhusi Formation's black shale thickness ranges from 60
to 300 m, and the distribution is consistent with the strati-
graphic distribution trend in general. The burial depth of the
Qiongzhusi Formation in the southern Sichuan Basin is
3000e5000 m deep. The Luzhou-Chishui area is buried
6000 m deep, while the Laolong 1 mine, Weiyuan, and
Xuyong-Junlian area is buried shallower than 3000 m. The
Qiongzhusi Formation organic-rich shales in this region are
formed in deep water shelf sedimentary facies that relatively
lacks oxygen, and it contains black shales, carbonaceous
shales, and dark gray sandy shales that's composed of pyrite,
siderite, and phosphatic nodules [10,14,15].
The thick lower Silurian Longmaxi Formation shale lies
from the ancient Leshan-Longnvshi uplift to the south and eastFig. 2. Shale thickness distribution of in the Qiongzhusi and Lwith thickness that could reach 400e600 m. The sedimentary
center is located in the Zigong-Longchang-Luzhou-
Yongchuan area (Fig. 2b). The Longmaxi Formation
organic-rich shales in this region were chiefly deposited in an
anoxic-dysoxic deep water shelf sedimentary facies. The
thickness of the shales could reach 50e600 m except in the
southwestern tectonic zone of Weiyuan. The Longmaxi For-
mation black shale's thickness is 20e260 m, and the distri-
bution is generally consistent with the stratigraphic
distribution trend [10,14,15]. Generally, the burial depth of the
Longmaxi Formation in this region could be 2000e3000 m,
but the burial depth in the Weiyuan area is relatively shallow
(<2000 m). The Longmaxi Formation shale is mainly
composed of dark gray to black sandy shale, carbonaceous
shale, and graptolite shale with bioclastic limestone. The
shales show the enrichment of the plankton-graptolites
[10,14,15].3.2. Abundance of organic matterTotal organic carbon content (TOC) is a major indicator
used to evaluate the shale's organic abundance. Nowadays, the
least TOC value of commercial shale gas is about 2.0%
[1,2,6]. However, some scholars consider that TOC could be
lower than 1.0% in this particular region with high thermal
evolution level [8,9,16].
We investigated 115 shale samples from the Qiongzhusi
Formation in the southern Sichuan Basin. The results show
that the TOC value of the Qiongzhusi Formation shale ranges
from 0.34% to 13.84% with an average TOC of 2.85%. Ac-
cording to statistical data from core drilling samples, the
percentage of the samples with TOC lower than 1% is 15.2%,
the percentage of the samples with TOC value reaching 1%e
2% is 34.7%, the percentage of the samples with 2%e4%
TOC is 41.3%, and the percentage of the samples with 4%e
6% TOC is 6.5%. All of the measured results vary dependingongmaxi Formations within the southern Sichuan Basin.
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TOC value of lower shale in the Qiongzhusi Formation is
more than 2%. Moreover, the TOC values decrease with the
increase of sandy content.
Among 181 samples from core and outcrop shale samples
in the study region, we found out that the TOC value of the
Longmaxi Formation shale ranges from 0.08% to 12.74%,
with the average TOC value of 2.37%. According to statistical
data from core drilling samples, the percentage of the samples
with TOC less than 1% is 17.6%, the percentage of the sam-
ples with 1%e2% TOC is 37.2%, the percentage of the
samples with 2%e4% TOC is 25.7%, the percentage of the
samples with 4%e6% TOC is 17.0%, and the percentage of
the samples with TOC over 6% is 17.0%. All the analytical
results are similar to the 88 outcrop samples (Fig. 3b). The
trend implies that the TOC values of core samples change
depending on the depth, the TOC value of lower shale in the
Longmaxi Formation is more than 1% (Fig. 4b).3.3. Type of organic matterThe type of organic matter not only affects the ability of
shale gas to generate, but it also determines gas-bearing nature
of the shale. Organic petrology analysis shows that the shale
samples from the Qiongzhusi and the Longmaxi Formations in
the southern Sichuan Basin enrich organic macerals. The
macerals are composed of over 70% sapropelic and marine
vitrinite, 5%e25% liptinite, and inertinite with less than 5%;
the parent material primarily originates from low aquatic or-
ganisms. We analyzed the Qiongzhusi Formation shales by
means of kerogen microscopic identification. The results
pointed out that the kerogen of the Qiongzhusi Formation
shale is largely composed of amorphogen, alginate, and sap-
ropelinite (>80%). The d13C value of kerogen ranges from
33.4‰ to 29.2‰, and the kerogen type of the organic
matter can be classified as Type I and Type II1. The LongmaxiFig. 3. Distribution of total organic carbon contents (TOC) of shale samples inFormation shale samples were also analyzed by kerogen
microscopic identification. The results reveals that the kerogen
of the Longmaxi Formation shale is predominantly consists of
amorphogen, alginate, and sapropelinite (>70%). The d13C
value of kerogen from the Longmaxi Formation ranges from
29.8‰ to 26.9‰, and the organic matter type can be
classified as Type I and type II1.3.4. Thermal evolution levelThermal evolution level (or maturity) is an important in-
dicator to determine the hydrocarbon generation from organic
matter. The shale gas exploration practice in North American
shows that the equivalent vitrinite reflectance (RO) value from
commercial shale layers ranges from 1.1% to 3.0% [1,2,6].
We analyzed the equivalent vitrinite reflectance (RO) values
from the Qiongzhusi Formation shale samples in the southern
Sichuan Basin. It is shown that the RO values from 12 core
samples in the Weiyuan area can be in range of 2.56%e
3.14%, the RO from 3 core samples in the Ziyang area can be
2.5%e3.08%, the RO from 5 core samples in the Luzhou area
can be 2.73%e3.54%, and the RO from 22 core samples in the
Yibin-Changning area can be 2.21%e3.86%. The result shows
that the thermal maturity of the Qiongzhusi Formation shale
has reached over-mature thermal evolution level.
The RO values from the Longmaxi Formation shale samples
in the southern Sichuan Basin are also analyzed. It is presented
that the RO from 10 core samples in the Weiyuan area ranges
from 1.95% to 2.24%, the RO from the three core samples in
the Longchang area ranges 2.2%e2.61%, the RO from the four
core samples in the Yanggaoshi area ranges from 2.12% to
2.53%, and the RO from 36 core samples in the Yibin-
Changning area ranges 1.94% to 3.10%. The result demon-
strates that the Longmaxi Formation shale has reached high-
over mature evolution stage. In comparison with the Barnett
shales in North American [2], the black shales from thethe Qiongzhusi and Longmaxi Formations in the southern Sichuan Basin.
Fig. 4. Relationship of total organic carbon contents (TOC) of shales in the Qiongzhusi and Longmaxi Formations with burial depth.
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Sichuan Basin are principally form dry gas with high thermal
maturity levels.3.5. Mineral compositions of shalesFig. 5. Comparison of mineral compositions of shale samples from the
Southern Sichuan Basin and North America.Mineral composition and brittleness of shales always have
an influence on the drilling and fracturing of shale gas. The
shale that formed commercial shale gas has the mineralogical
composition with more than 40% brittle minerals (most for
quartz) and less than 30% for clay minerals [2,6,17].
The X-ray diffraction (XRD) analyzes 38 core samples
from two sets -of the Lower Paleozoic marine shale gas res-
ervoirs, i.e., the Lower Cambrian Qiongzhusi and Lower
Silurian Longmaxi Formations in the southern Sichuan Basin
[18,19]. The results indicate that the Qiongzhusi Formation
shales are enriched in brittle minerals (46.5%e69.2%, average
57.5%), high contents of clay minerals (25.0%e29.1%,
average 27.2%), and poor in carbonate minerals (1.4%e
21.7%, average 11.2%). The main components of clay min-
erals are illite and illite-smectite, and have relatively lower
contents of kaolinite and chlorite. Moreover, the amount of
smectite is insignificant that it could not be detected. The
Longmaxi Formation shales are enriched in brittle minerals
(34.7%e83.4%, average 55.1%), and high clay minerals
(16.6%e44.9%, average 34.4%). Their main components of
clay minerals are illite and illite-smectite, others include
kaolinite and chlorite. In addition, smectite is seldom found.
However, compared with the Barnett shales in North America,there are some differences in the mineral compositions of the
Lower Paleozoic (Qiongzhusi and Longmaxi Formations)
marine shale samples in the southern Sichuan Basin, of which
the contents of quartz, calcite, and clay minerals vary greatly
(Fig. 5).
Generally, the mineral compositions of the Lower Paleo-
zoic, i.e., Qiongzhusi and Longmaxi Formations' marine
shales in the southern Sichuan Basin are similar to those of the
Barnett shales in North American. Both the Qiongzhusi and
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have high contents of brittle minerals. The former ranges from
46.5% to 69.2%, with an average of 57.5%, and the latter
ranges from 34.7% to 83.4%, with an average of 55.1%. It is
suggested that the Lower Paleozoic marine shale in the
southern Sichuan Basin has good brittleness and compress-
ibility, which is beneficial to fracturing treatment for shale
gas.3.6. Reservoir characteristics of shalesThe shale reservoir from the Lower Paleozoic in the
southern Sichuan Basin shows low porosity and ultra-low
permeability. Physical analytical results of the Lower Paleo-
zoic shale samples in the southern Sichuan Basin show that the
porosity of the Qiongzhusi Formation shale ranges 0.45%e
8.22% (an average value of 3.15%), while the permeability is
between (0.001e0.148)  1015 m2 (an average one of
0.039  1015 m2). The porosity of the Longmaxi Formation
shale in the study region ranges from 1.10% to 11.84% (an
average value of 4.23%), while its permeability is between
(0.015e0.174)  1015 m2 (an average one of
0.042  1015 m2).
The development of micro- and nanometer in shale plays an
important role in improving shale gas storing performance
[20e22]. An SEM study for 25 core samples from the Lower
Paleozoic shale in the southern Sichuan Basin was performed.
The results show that the Lower Paleozoic shale samples in the
southern Sichuan Basin developed many types of micro-pores,
including intergranular pores, intragranular pores, and organic
pores [18,19]. This study shows that shales in Qiongzhusi and
Longmaxi Formations are abundant in micro- and nanometer
pores, where base pores are always smaller than 2 mm and is
mostly 0.1e1.0 mm in size. Organic pores range from 10 to
650 nm and are chiefly 50e300 nm. All the features
mentioned are similar to that of the Barnett shales in North
America [6,17,20].3.7. Gas content of shaleThe gas content of shale is a key parameter to determine
whether the study area has shale gas exploration potential
[6,23]. The gas content of the Barnett shale for commercial
exploitation of shale gas in North America ranges from 0.44 to
9.91 m3/t [2]. The minimum value of the gas content of shale
for commercial development of shale gas is 1.1 m3/t [6,17].
The result from the on-site test shows that the gas content of
the 14 shale samples from the Qiongzhusi Formation in the
southern Sichuan Basin ranges from 0.43 to 5.50 m3/t (an
average value of 1.88 m3/t), while the gas content of the 27
shale samples from the Longmaxi Formation in the southern
Sichuan Basin ranges from 0.30 to 5.09 m3/t (an average one
of 1.85 m3/t). Comparing the gas content of the Barnett shale
in North America to the Qiongzhusi and Longmaxi Forma-
tions shale in the southern Sichuan Basin, the formations have
reached the lower limit of shale gas exploration which has
commercial exploitation values. Moreover, the drilling test ofthe new well from the Longmaxi Formation shale has a gas
flow of more than 1.0  104 m3 per day, which marine shale
gas can be obtained in the Changning area. At the drilling
depth of 2795e2798 m, the Qiongzhusi Formation shale layer
in the Well Weiyuan 5 can gain 2.46  104 m3 of gas per day
during the mid-test [17].
4. Favorable areas of shale gas enrichment
The combination of the analyses and geological back-
ground, compared with the Barnett shale in North America, it
is implied that two formation sets of the Lower Paleozoic, in
the southern Sichuan Basin have good accumulation condi-
tions for shale gas. Therefore, the Qiongzhusi and Longmaxi
Formations are considered as the practical targets for marine
shale gas exploration in the study region.
Taking the considerations of the shale thickness, burial
depth, organic matter abundance, shale reservoir character-
istics, gas content of shale, ground condition, engineering
and economic factors, we take the comprehensive analyses
of accumulation conditions for the Lower Paleozoic shale
gas in the southern Sichuan Basin. The favorable areas for
shale gas enrichment for the Qiongzhusi Formation in the
southern Sichuan Basin are the Zhigong-Yibin, Changning-
Gongxian, Jianwei-Muchuan, and Weiyuan areas (Fig. 6a),
while the favorable areas for shale gas enrichment in the
Longmaxi Formation in the southern Sichuan Basin are the
Longchang-Rongchang, Yibin-Luzhou-Changning, and
Weiyuan areas (Fig. 6b). All the favorable areas would be
the practical target sites for marine shale gas exploration in
the southern Sichuan Basin. Considering the burial depth
and gas content of shale, the Longmaxi Formation in this
region is the best target for shale gas exploration and
development.
5. Conclusions
The Lower Paleozoic (Qiongzhusi and Longmaxi Forma-
tions) organic-rich shales in the southern Sichuan Basin are
mainly formed in deep water shelf sedimentary facies. The
study region features great organic-rich shale thickness
(mainly 50e300 m), high total organic carbon content
(average TOC>2%), Type I and II1 kerogen, high-over mature
thermal evolution level (the equivalent vitrinite reflectance
RO>1.9%), rich in brittle minerals (average > 50%), abundant
in micro- and nanometer pores, and high gas content
(average > 1.8 m3/t) in the Qiongzhusi and Longmaxi For-
mations, which are in favor of the generation and enrichment
of marine shale gas.
In general, two sets of the Lower Paleozoic Qiongzhusi and
Longmaxi Formations shales in the southern Sichuan Basin
have good accumulation conditions for marine shale gas.
Therefore, the Qiongzhusi and Longmaxi Formations are
considered as the practical targets for shale gas exploration,
and their favorable areas of marine shale gas exploration are
purposed. The results indicate that the favorable areas of shale
gas enrichment for the Qiongzhusi Formation in the southern
Fig. 6. Area analysis of shale gas enrichment for the Qiongzhusi and Longmaxi Formations in the southern Sichuan Basin.
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Jianwei-Muchuan, and Weiyuan areas. As for the Longmaxi
Formation, e the favorable areas of shale gas enrichment are
the Longchang-Rongchang, Yibin-Luzhou-Changning, and
Weiyuan areas.
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